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Conifers like Scots pine (Pinus sylvestris) have a compli-
cated root system consisting of morphologically and anatomically
different root types, of which the short roots have a very limited
ability to elongate. Short roots have an important role in nature
since they are able to establish ectomycorrhizal symbiosis, in which
the growth of fungal mycelium between the epidermal cells and in
the intercellular space between cortical cells leads to formation of
dichotomous short roots, which may, through further splitting of
the meristem, form coralloid root structures. Dichotomous short
roots have been suggested to result from changes in either auxin or
ethylene concentrations due to the fungal growth inside the root.
NPA, the inhibitor of polar auxin transport, enhances the dichoto-
mization of P sylvestris short root tips similarly to the fungal
growth in the root, thus confirming that auxin plays a role in short
root morphogenesis. Ethylene is also known to have an important
role in the regulation of root morphogenesis. In future the research
dealing with the root system and ectomycorrhiza development in
P sylvestris must take into account that both auxin and ethylene
are involved and that there is no contradiction in obtaining the
same phenotype with both hormones. The expression analysis of
PIN proteins, auxin efflux carriers, could give valuable information
about the role of auxin transport in regulating the root growth and
morphogenesis of coniferous root system and mycorrhiza.

Introduction

Efflux-mediated auxin gradients are suggested to represent a
common module that operates in the formation of all plant organs,
regardless of their developmental origin and fate.!"> Current research
with Arabidopsis thaliana and its numerous mutants as models has
shown that in addition to auxin, ethylene also plays an important
role in the regulation of root morphogenesis.*” The coniferous
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Pinus species have a root system consisting of morphologically and
anatomically different root types, in which the primary root or the
main root has an undetermined capacity for continuous growth, and
the lateral roots have a somewhat limited and the short roots a very
limited ability, to elongate. The short roots have an important role
in nature since they are able to establish ectomycorrhizal symbiosis
with several species of mycorrhiza forming fungi mainly belonging
to homobasidiomycetes. In ectomycorrhiza the growth of fungal
mycelium between the epidermal cells and in the intercellular space
of cortical cells affects the meristem so that the short root tip splits to
form first a dichotomous root, which through further divisions may
form a coralloid root structure.® The formation of dichotomous roots
may also occur without contact with a fungus as a response to stress,
and thus it is an endogenous property of the short roots enhanced
by some environmental factors.” The factors regulating the limited
growth of the short roots, their ability to host fungal mycelium and
the morphological changes at ectomycorrhizal symbiosis have inter-
ested the researchers for years.®10-15 The formation of dichotomous
roots has been suggested to result from changes in either auxin or

ethylene concentrations due to the fungal growth in the root.!>18

NPA and Short Root Dichotomization

Recently it was confirmed that the polar auxin transport inhibitor
N-1-naphthylphthalamic acid (NPA), like mycorrhiza forming fungi,
enhances the dichotomization of Pinus sylvestris short roots (Fig. 1A
and B). In addition to NPA, precursors of ethylene synthesis'? and
ethylene itself'” have been shown to induce dichotomization of
short roots comparable to those in mycorrhiza. A similar phenotype
is suggested to result from the activation of ethylene biosynthesis by
the increased auxin concentration,!3 caused by NPA-treatment at the
root tip.!%-20

The new reports dealing with the hormonal regulation of root
growth in Arabidopsis draw attention to the complicated relationship
prevailing between ethylene and auxin signaling,*” which could also
be the acting factor behind the P sylvestris short root morphogenesis.
In comparing the structural similarities and differences in the root
structure between Arabidopsis and P sylvestris, it has to be kept in
mind that coniferous roots have an open meristem organization with
only one layer of initial cells for cortex, provascular tissue and root
cap in contrast to the closed meristem with three layers of initial
cells in Arabidopsis roots. Justification for the comparison of the
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Figure 1. Mycorrhizal and NPAtreated short roots from Pinus sylvestris.
Dichotomous mycorrhizal short root tips surrounded by Suillus bovinus myce-
lium (A). NPA-+reated short roots (B). Short roots extending from pieces of
lateral roots in control (C) and NPA-reated material (D). In situ hybridisation
of Pinus sylvestris SCARECROW (PsySCR) in control (E) and NPA+reated
short roots (F). In these longitudinal sections PsySCR transcripts are seen
in the short endodermis and at tip between stele and poorly developed
root cap. The diameter is often larger in NPA-reated than in control roots
although no statistically significant difference was obtained in the measure-
ments (G) for root diameter (RD) or stele diameter (SD). Instead, the length of
the endodermis (EL) and root cap (CL) are significantly shorter in NPA+reated
than in control roots as seen also in (E) and (F). White and black columns
represent control and NPA-treated short roots, respectively. (G) is from
ref. 15, Suppl. Material 3. Scale bar in (A) 1 mm and in (E) 100 um.

root structure in these species comes from the fact that transcrip-
tion factor SCARECROW (SCR), which is central in regulating root
radial patterning, is expressed in all 2 sylvestris root types (see ref. 15,
Fig. 1E and F) as in Arabidopsis roots.?!

In Arabidopsis analysis of interactions between ethylene and
auxin using different ethylene and auxin insensitive and sensitive
mutations, ethylene and its precursor treatments, ethylene reporter
construct and microarrays have revealed six different gene regula-
tion patterns due to interaction of the two hormones in addition to
those being regulated by either auxin or ethylene alone.® The analysis
confirmed also the earlier observations that each hormone could
affect the biosynthesis of the other.>?? Ethylene has also been shown
to influence root growth not only through regulating auxin biosyn-
thesis but also by acting on transport-dependent auxin distribution.’
One of the most detailed reports on ethylene regulated processes
shows that ethylene increases quiescent center (QC) cell division
in A. thaliana roots.* The new stem and QC cells, however, main-
tain their functional identity. The latter work shows that ethylene
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signaling must be tightly controlled to ensure correct cell divisions
and cellular organization at root meristem.

Interestingly, both due to the NPA-treatment and contact of
short roots with fungal mycelium, the short roots appear to become
much broader and shorter than the control short roots (Fig. 1C-F),
although it was not possible to show a statistically significant
difference in the diameter between control and NPA-treated short
roots (Fig. 1G). The organization of the meristem in the swollen
NPA-treated short roots also changed (see ref. 15, Fig. 5D and H),
which could result from different division patterns in the meri-
stematic cells in NPA-treated than in control short roots. With
P sylvestris short roots embodying open meristem organization it was
not possible to perform such a detailed analysis of cell numbers of
QC, stem and columella cells as in Arabidopsis roots.*

During dichotomization process two new roots are formed
from the swollen root tip in mycorrhizal (Fig. 1A) or NPA-treated
(Fig. 1B) short roots. In this process the new tips are located on
both sides of a vacuolated central part of the short root and the new
endodermis for both root tips differentiates from cells of the provas-
cular tissue in stele (see ref. 15, Fig. 5K-M). The new tips seem to
develop from the cells maintaining or acquiring meristematic activity
probably due to more moderate accumulation of auxin at the sides
than in the center of the apex. In this simplistic model it was further
suggested that the accumulation of auxin in the center of the root
would induce ethylene biosynthesis, which in turn could induce
differentiation of the meristem cells in the apical center of the short
roots to vacuolated parenchymatous cells, seen in NPA-treated short
roots (see ref. 15, Fig. 5K—M) and reported previously in mycorrhizal
dichotomous short roots.®10:23

PIN Proteins And Auxin Distribution

Auxin efflux transporters, PIN proteins and auxin influx carrier
AUXI localized to specific cell faces have been shown to play an
important role in regulating the auxin flow in Arabidopsis root.2420
The auxin maximum in QC and in columella initial cells results
from acropetal auxin transport from the shoot to the root mediated
by PINT1 protein located at basal membrane of parenchymatous stele
cells. From root apex auxin maximum is distributed to all sides of
root cap and further transported by specific PIN proteins upwards
in the lateral cap, epidermal and cortical cells for recycling back to
the stele.?” PIN proteins encoding genes have also been isolated from
other herbaceous and woody plants including hybrid aspen?® and
they can also be identified in Pinus taeda and other conifer genomic
sequences.”? In the mycorrhizal short roots a tight Hartig net is
formed by fungal hyphae in the recycling route, in the apoplastic/
intercellular space between epidermal and cortical cells proximal to
the meristem. The Hartig net could reduce auxin recycling in the
cortex and epidermis?#2> and increase auxin accumulation in the
central short root meristem causing the establishment of two lateral
apical meristems'> in the same manner as the NPA-treatment is
suggested to affect.

Future Aspects

In future research dealing with the root system and ectomycorrhiza
development in P sylvestris must take into account that both auxin
and ethylene are involved and consequently, it is not contradictory
to obtain the same phenotype with both hormones. Phytohormones
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are probably also involved in ectomycorrhizal associations in those
conifers in which the root morphology is not as dramatically altered
as in short roots of pine species.

Although the genomic sequence and transformation system of
P sylvestris are still missing, it has already been shown by genomic
resources from other Pinus species (www.tigr.org/tdb/e2k1/pine/
pine_status.shtml) that genes like SCR and SHORT ROOT (SHR)
regulating root morphogenesis in Arabidopsis occur also in 2 sylves-
tris. The nucleotide sequences of P taeda and P sylvestris are highly
similar not only in the encoding regions but also in the noncoding
regions of the genome (see ref. 15, Suppl. material 1). It is possible
that many genes creating auxin gradients and hormonal responses,
and known in Arabidopsis may also be identified in conifers due
to their highly conserved structure. These genes and their products
could be used to learn more about the role of auxin and ethylene in
the regulation of growth in the different root types and in the forma-
tion of ectomycorrhizal symbiosis in 2 sylvestris by using quantitative
RT-PCR, in situ hybridization!> and indirect immunofluorescence
microscopy.®

The important aspects to test in future root morphogenesis
research are: (1) Is the auxin concentration different in main, lateral
and short root meristems of pine? (2) Is the retarded growth of short
roots caused by low auxin concentration? (3) Does the fungal growth
between epidermal and cortical cells of short root affect the basipetal
stream of auxin? Furthermore, we should not forget that some ecto-
mycorrhizal fungi themselves are able to produce phytohormone-like
compounds which have an influence on root structures.!8-3
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